was the first identified, and remains one of the best-characterized, Rho GTPaseregulated systems. It has been shown that either Rac1 or Rac2 GTPase is required for oxidase activity in cell-free systems [3, 4] , with Rac2 being the predominantly active isoform in human neutrophils [5] . Additional evidence has established that Rac2 is an integral and required component of the NADPH oxidase in the intact leukocyte, including the demonstration that rac2 -/-neutrophils had significantly reduced or absent superoxide production in response to various stimuli [6] [7] [8] .
Recently, homologues of the cytochrome b component gp91 phox (see below) of the phagocyte NADPH oxidase, termed Nox's, have been found in several tissues
[reviewed in 9] . These new N ADPH oxidases produce low levels of oxidants that appear to be used as signals for a variety of cellular activities, including cell growth and transformation. It has been known for some time that Ras and Rac GTPases regulate signaling pathways that are critical for mitogenesis and oncogenesis. Transient expression of a constitutively activated form of Ras in NIH3T3 cells induced a significant increase in intracellular ROS that was inhibitable by expression of a dominant negative allele of either Ras or Rac1 [10, 11] . ROS production was suppressed by treatment with diphenylene iodonium (DPI), an inhibitor of the phagocyte NADPH oxidase,
suggesting that a Nox protein may be involved. Rac1 also regulates ROS production leading to reperfusion injury during re-oxygenation of vascular smooth muscle [12, 13] .
Recombinant adenoviral expression of a dominant negative Rac1 suppressed tissue damage in an in vivo model of mouse hepatic ischemia/reperfusion injury. This was also observed in mice deficient for the gp91 phox of phagocytic NADPH oxidase, only.
For personal use at PENN STATE UNIVERSITY on February 22, 2013. bloodjournal.hematologylibrary.org From suggesting that the Rac mutant inhibited ROS production by a Nox system rather than by one employing gp91 phox [13] . Thus, it appears that ROS production in nonphagocytic cells may involve the regulation of an NADPH oxidase-like enzyme by Rac
GTPase. Understanding how this system is regulated in phagocytic leukocytes is therefore likely to have important implications for understanding the regulation of ROS formation in non-phagocytic cells as well. We discuss here current models for the action of the Rac GTPase in phagocyte NADPH oxidase function.
Components and regulation of the phagocyte NADPH oxidase
The NADPH oxidase system of neutrophils and other phagocytic leukocytes is composed of multiple membrane-associated (cytochrome b 558 ) and cytosolic
phox -see Fig. 1 ). The active, fully assembled oxidase catalyzes the one electron reduction of oxygen to produce superoxide anion using NADPH as substrate. When the leukocyte is activated through the action of inflammatory mediators (soluble chemoattractants, chemokines, or phagocytic particles), the cytosolic oxidase component p47 phox becomes phosphorylated on multiple sites through the action of several kinases. As indicated in the preceding sections, Rac GTPase is also a required component of the active phagocyte NADPH oxidase (Fig.1) . Upon cell activation, Rac (Rac2 in human neutrophils) dissociates from a cytosolic complex with GDP dissociation inhibitor (GDI) by an as yet undetermined mechanism. GDP is exchanged for GTP through the action of a guanine nucleotide exchange factor(s) (GEF) which appears to be membrane localized [23] and Rac, now in its GTP-bound active form, becomes membrane associated [24] . Rac supports NADPH oxidase activity only in its GTPbound active form [25] (An exception to this has been proposed --see [26, 27] ).
GTPases of the Rho family, including Rac2, contain two important regions involved in guanine nucleotide triphosphate binding and interactions with regulatory molecules and effectors. These are termed Switch I (or the "effector" domain), encompassing amino acid residues ~25 to 45, and Switch II, which includes residues ~58-77. Only Switch I undergoes extensive conformational changes upon GTP binding (there is evidence that the Switch II domain in Rac adopts very similar conformations in both the
GDP-and GTP-bound states [28]). A third region of potential importance in molecular
interactions of Rac is the insert helix unique to Rho family GTPases (residues 120-137).
This so-called "insert domain" does not undergo nucleotide-dependent conformational change, but is readily solvent accessible for protein-protein interactions.
The GTP-dependence of NADPH oxidase activation indicates that the Rac Switch I domain is necessary for oxidase regulation. Consistent with this, point mutations within only.
For personal use at PENN STATE UNIVERSITY on February 22, 2013. bloodjournal.hematologylibrary.org From Rac Switch I were unable to support oxidase activity [29, 30] . The finding that Rac binds directly to p67 phox (but not p47 phox ) via the Switch I domain provided important insight into Rac function in the oxidase [31] . It was shown that the tetratricopeptide repeat (TPR) in the N-terminus of p67 phox was the site of Rac binding [32] , and this was confirmed upon determination of the crystal structure of the Rac-p67(TPR) complex [33] . The structure revealed specific stabilizing interactions between p67 phox and Rac, including amino acids A27 and G30 of Rac and the TPR domain of p67 phox , and suggested the availability of the insert helix for possible additional protein interactions.
Several prior investigations had suggested a requirement for the Rac insert domain in the activation of the NADPH oxidase. Peptide walking experiments indicated that blocking the insert domain of Rac abrogated NADPH oxidase activation [34] . Studies using insert domain deletion mutants of Rac have yielded conflicting results however, concluding either that the insert domain was absolutely required [35, 36] or unnecessary [37, 38] for Rac oxidase activity. Similarly, it has been reported that the Rac1 insert region is either essential [39] or not required [40] for mitogenesis and ROS formation in fibroblasts.
Current models of Rac function in NADPH oxidase regulation
The role of Rac in controlling NADPH oxidase assembly and activity appears to involve several components. While Rac does not directly mediate the translocation of the cytosolic oxidase components p47 phox and p67 phox to the membrane [15], Rac activation can induce NADPH oxidase assembly [41] , perhaps indirectly through the action of effector kinases such as p21-activated kinase [42] . Data from cell-free only.
For personal use at PENN STATE UNIVERSITY on February 22, 2013. bloodjournal.hematologylibrary.org observation that a non-prenylated Rac1 mutant lacking the insert domain decreased the affinity (EC 50 ) of Rac for the oxidase, but had no effect on the maximal rate, Vmax, of superoxide production [36] . Our laboratory, on the other hand, has observed a decrease in Vmax when using a prenylated Rac2 version of this mutant [35] .
The model suggested by Pick et al (see Fig.2 [31] . With regard to a role of the Rac insert domain, a careful examination of the data in Gorzalczany et al [44] shows that, in fact, there is a marked decrease (>60%) in the ability of the insert domain deletion mutant to support oxidase activity at concentrations of chimera below 200 nM -ie. within the normal only.
For [44] .
The regulatory model proposed by Diebold and Bokoch [35] differs in several ways from the previous two models (see Fig. 2 , Model C). First, it is proposed that there is differential regulation of the two steps involved in electron transfer from NADPH to molecular oxygen. Rac is required apart from, and in addition to, p67 phox for the Step 1 reaction. However, Rac must subsequently then interact with p67 phox for the Step 2 reaction to occur. This is based upon the observation that a non Rac-binding p67 are not directly involved in binding interactions observed in the crystal structure [33] Our laboratory has subsequently performed these same experiments with p67 phox mutated within the Rac-interacting TPR domains, with similar results (unpublished observations). In support of this observation, the reciprocal experiment utilizing the Rac2 D38A mutant that does not bind p67 phox also indicated independent roles for Rac and p67 phox in Step 1, but not Step 2 activity. In contrast, the Rac2 insert domain was found to be critical for both the only.
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